Introduction
Uveitis is a sight threatening inflammatory disorder that affects all ages and remains a significant cause of visual loss. [1] [2] [3] Clinically, chronic progressive or relapsing forms of non-infectious uveitis are treated with topical and/or systemic corticosteroids. However, long-term use of these drugs can result in deleterious ocular and systemic side effects such as glaucoma, cataract, osteoporosis, hypertension and diabetes. Use of alternative steroidsparing, immunosuppressive agents has also shown clinical benefit, but in themselves carry adverse risks. 4 Such alternative approaches include systemic administration of soluble receptors or blocking antibodies as immunosuppressives and potential immunomodulators and experimentally include the use of Th2 cytokines [5] [6] [7] [8] However, ocular gene therapy potentially offers advantages over recombinant cytokine or receptor-fusion protein treatment as long-term expression of the therapeutic transgene negates the need for repeated systemic administration or potentially traumatic intraocular injections and administration of expensive recombinant cytokines. In addition, the ocular environment offers an excellent opportunity to study the potential of gene therapy strategies to modulate the immune response. Thus, gene therapy, either used alone or as an adjuvant, may provide an effective treatment for blinding ocular inflammatory disease.
Endotoxin-induced uveitis (EIU) in Toll-like receptor-4 (TLR-4) gene-positive mice provides a useful animal model for the more common acute anterior and intermediate uveitis. Lipopolysaccharide (LPS) is a component of gram-negative bacterial cell walls that binds to TLR-4, a pattern recognition receptor of the innate immune system. The local or systemic administration of LPS results in an acute inflammatory response in the anterior and posterior segment of the eye with a breakdown of the blood-aqueous barrier (BAB) and the blood-retinal barrier (BRB). 9, 10 Subsequent inflammation is mediated by activation of the transcription factors, in particular nuclear factor (NF)-kB, which induces the expression of numerous proinflammatory molecules. 11, 12 The pathogenesis of EIU involves elevated expression of proinflammatory cytokines such as tumour necrosis factor (TNF), interleukin (IL)-1, IL-6, monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory protein 2.
13-15 MCP-1 and IL-6 were found to be markedly upregulated in the serum and within the eyes of wild-type mice with EIU compared to nearly undetectable levels in healthy controls, whereas intraocular expression of TNF-a, MCP-5, RANTES and interferon-inducible protein 10 was also increased in EIU but beneath the limit of detection in healthy controls. 16 Other inflammatory mediators such as nitric oxide and prostaglandin-E2 are also involved in the pathogenesis of EIU. 17, 18 One of the critical mediators of the inflammatory response in EIU is IL-1. When IL-1a or IL-1b binds to the functionally active interleukin-1 receptor type I (IL-1RI), a second chain (IL-1R accessory protein, IL-1R AcP) binds to the IL-1/IL-1RI complex. The cytoplasmic domains of IL-1RI and IL-1R AcP activate signal transduction pathways including NF-kB, JNK/AP-1 and p38 MAPK, initiating the transcription of many proinflammatory genes such as IL-6 and IL-8. The IL-1 inflammatory effects can be inhibited by the IL-1R antagonist (IL-1ra), which is a structural variant of IL-1 that binds the IL-1R with virtually identical avidity as IL-1 but does not activate cells. IL-1ra exists as an intracellular and a secreted form. The secreted form of mouse IL-1ra is a 22-25 kDa glycoprotein that is produced by a variety of cell types and competes with IL-1a/b for binding to the IL-1RI. The antagonist activity of IL-1ra comes from its ability to bind IL-1RI but it cannot recruit the IL-1R AcP to IL-1RI, and therefore blocking initiation of signal transduction pathways 16 . The ratio of IL-1 to IL-1ra is about 1 in both health and disease and X95% of IL-1RI need to be occupied to abrogate IL-1 activity; therefore, local concentrations of IL-1ra may determine IL-1 activity 19 and high levels of IL-1ra are likely required to be produced in local tissues to inhibit the effects of IL-1. Another important cytokine is IL-10 that is produced by several cell types, including macrophages, dendritic cells, monocytes, B-and T cells (Th2 and Treg cells) and mast cells. It appears to attenuate inflammatory responses by decreasing the expression of major histocompatibility complex and costimulatory molecules on antigen presenting cells while inhibiting their production of proinflammatory cytokines including IL-1, IL-12 and TNF-a as well as downregulating IL-2 production by T cells. 20 Furthermore, IL-10 regulates the proliferation and differentiation of other leukocytes including granulocytes, B-and T-lymphocytes and natural killer cells. IL-10 activates the SOCS-3 gene, which in turn downregulates the JAK/STAT pathway. 21 Many of the functions of IL-10 can be attributed to its inhibitory effect on NF-kB activation. IL-10 inhibits the expression of IL-1b and TNF-a, both of which are implicated in EIU pathogenesis, while increasing the expression of anti-inflammatory proteins including IL-1ra and soluble TNF-a receptor. 22 Injection of lentiviral vectors into the anterior chamber of the eye, results in sustained expression of transgene in the anterior segment, 23 with reporter gene expression readily detected 6 weeks after vector administration in several different cell types, with expression detected for at least 12 weeks in the corneal endothelium. Anterior chamber administration of a lentiviral vector may therefore enable sufficiently high-level expression of immunomodulatory molecules at the site of inflammation to treat chronic anterior/intermediate uveitis without inducing systemic immunosuppression. In this study, we investigated the effects of anterior chamber lentiviral vector delivery of genes encoding murine IL-1ra (mIL-1ra) and murine IL-10 (mIL-10) on the inflammatory response in a murine EIU model.
Results
Ocular anterior chamber delivery of Lenti.GFP results in transduction of anterior chamber structures
The injection of 4 ml of Lenti.GFP viral suspension into the anterior chamber of the eye produced an efficient and stable transduction of corneal endothelial cells, trabecular meshwork and iris cells (Figure 1 ). Green fluorescent protein (GFP) expression could be first detected 4 days after injection and the fluorescence increased over the next 2 weeks. GFP expression was typically observed across the majority of the corneal endothelium cells, and was observed in virtually all of the sections of iris and trabecular meshwork. No infiltrating leukocytes were Figure 1 Green fluorescent protein (GFP)-expression in the eye 7 days following anterior chamber administration of Lenti.GFP vector. Representative GFP expression in a mouse that received a single injection of 4 ml of Lenti.GFP. Eyes were enucleated and fixed in 4% paraformaldehyde (PFA) for 1 h before cryosectioning and counterstaining with 4'6-diamidino-2-phenyl indole (DAPI). Transgene expression is observed in the corneal endothelium (a-b), iris epithelium (c-d) and trabecular meshwork (e-f), demonstrating that lentiviral vectors are able to transduce several cell and tissue types within the eye. No infiltrating cells were observed in the anterior or posterior chamber in response to vector administration. Scale bars ¼ 200 mm. EIU gene therapy using immunomodulatory genes P Trittibach et al observed in the anterior or posterior chamber following vector administration, indicating that the Lenti.GFP did not result in a local inflammatory response. The total aqueous protein content in Lenti.GFP injected and normal mice was between 0.2 and 0.6 mg ml
À1
. Furthermore, there was no corneal structure alteration or epithelial corneal oedema in Lenti.GFP-injected mice, indicating no endothelial failure (Figure 1) .
Generation of Lenti.mIL-1ra and Lenti.mIL-10 vectors expressing mIL-1ra and mIL-10
Using a triple transfection method, 24 we produced human immunodeficiency virus (HIV)-1-based self-inactivating lentiviral vectors containing the cDNAs for either mIL-1ra or mIL-10 driven by the spleen focusforming virus (SFFV) promoter and containing a central polypurine tract (cPPT) and Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE). The SFFV promoter was chosen as we have previously shown to drive robust levels of transgene expression within the eye 25, 26 and is not shut off as readily as certain other viral promoters such as the cytomegalovirus promoter in inflammatory environments. 27 These were purified by anion exchange followed by ultracentrifugation and the titre of all vectors was adjusted to 6 Â 10 3 ng p24 per ml. To ensure cytokine production by each vector, triplicate wells of 293T cells were transduced in vitro with 1 ml of Lenti.IL-1ra, Lenti.IL-10 or Lenti.GFP. Biological function of mIL-1ra and mIL-10 produced by lentiviral vectors To verify that the cytokines produced by the transduced cells were functional, biological assays were performed for each cytokine. Murine primary thymocytes proliferate in the presence of IL-1a and this proliferation is inhibited by IL-1ra, which competes with the IL-1R for binding of IL-1a. Single cell suspensions of freshly isolated thymocytes were incubated for 48 h in control RPMI media alone, RPMI+recombinant murine IL-1a, RPMI recombinant murine IL-1a+recombinant murine IL-1ra, or RPMI+recombinant murine IL-1a+conditioned media from Lenti.IL-1ra-transduced 293T cells. Conditioned media from Lenti.IL-1ra-infected 293T cells inhibited the IL-1a-mediated proliferation of murine primary thymocytes as effectively as commercial recombinant mIL-1ra, demonstrating functional efficacy (Figure 2b) . Efficacy of the IL-10 cDNA has previously been demonstrated by our group in a functional bioassay. 5 Lenti.IL-1ra-treated eyes were protected from EIU At 14 days after anterior chamber administration of Lenti.IL-1ra in the right eye, EIU was induced in 8 mice. At 12 h post-EIU induction, when disease was well established, mice were killed, and eyes processed for histological analysis. Sections were analysed by two independent observers and the level of inflammatory cell The total protein content of the aqueous is a function of the integrity of the BAB. Acute EIU was induced in 12 mice 14 days after administration of Lenti.IL1ra in the right eye. At 12 h after LPS injection, paired analysis showed that the total protein concentration of the eyes treated with Lenti.IL-1ra was significantly lower than that of the contralateral Lenti.GFP-injected control eyes (6.77 ± 1.33 vs 10.37 ± 1.49 mg ml
, P ¼ 0.002), suggesting that the vector-mediated expression of IL-1ra prevented the breakdown of the BAB in the treated eyes ( Figure 3d ). Furthermore, fluorescein angiography showed that there was less leakage of fluorescein from the retinal vessels of treated mice demonstrating substantially less vessel hyperpermeability compared with controls, indicating that there is improved preservation of the BRB (Figure 3e ).
Lenti.IL-1ra-treated eyes were protected from recurrent EIU Following administration of Lenti.IL-1ra in the right eye and Lenti.GFP in the left eye of six mice, EIU was induced at 14 days post-vector administration and then again at 21 days post-vector administration. At 12 h after induction of EIU for the second time, the mice were killed and eyes processed for histology and infiltrating cells counted by two independent observers for the anterior and posterior chamber of each section. Lenti.IL1ra-treated eyes showed a significantly lower inflammatory cell count in the anterior eye segment (56.4±22.7 vs 218.3 ± 48.2 cells per mm Figure 4 ) and a significantly lower total inflammatory cell count (134.9 ± 45.9 vs 400.5 ± 100.8 cell per mm 2 , P ¼ 0.039) when compared with Lenti.GFPinjected contralateral control eyes. This indicates effective local immunosuppression and demonstrates that lentiviral-mediated gene transduction following a single administration of vector can maintain the suppression of inflammation over recurrent episodes of disease. As with the EIU model, the main population of infiltrating cells appeared to be neutrophils. However, in contrast with the results following an initial episode of EIU, Lenti. IL-1ra-injected eyes showed no significant difference in EIU gene therapy using immunomodulatory genes P Trittibach et al the protein concentration of the aqueous compared with Lenti.GFP-injected control eyes (21.02±2.67 vs 24.56 ± 3.67 mg ml À1 , P ¼ 0.44), suggesting the BAB is not maintained as effectively in the recurrent EIU model.
Lenti.IL-10-treated eyes were protected from EIU
Endotoxin-induced uveitis was induced in eight mice 14 days after administration of Lenti.IL-10 into the anterior chamber of the right eye and the left eye served as a control. At 12 h post-EIU induction mice were killed and eyes processed for histology, stained with haematoxylin and eosin (H&E) and infiltrating cells counted by two independent observers. Paired analysis showed that Lenti.IL-10-treated eyes showed a significantly lower inflammatory cell count in the anterior eye segment (48. , P ¼ 0.047; Figure 5a ) and a significantly lower total inflammatory cell count (111.4 ± 41.3 vs 440.4±115.5 cells per mm 2 , P ¼ 0.039) when compared with contralateral control eyes, indicating effective local immunosuppression. Again, neutrophils were the predominant type of infiltrating cell.
The effect of IL-10 on recurrent EIU was assessed in seven mice. Following administration of Lenti.IL-10 in the right eye, EIU was induced at 14 days post-vector administration and then again at 21 days post-vector administration. At 12 h after induction of EIU for the second time, the mice were killed and eyes processed for histology. Paired analysis showed that Lenti.IL-10-treated eyes showed a lower inflammatory cell count in the anterior eye segment, but the difference was not IL-1ra vector was tested in vitro for its capability to inhibit the IL-1a-mediated proliferation of mouse thymocytes. Single cell thymocytes suspensions were incubated for 48 h in control media alone, media+0.5 ng ml À1 recombinant murine IL-1a, 0.5 ng ml À1 recombinant murine IL-1a+100 ng ml À1 recombinant murine IL-1ra or 0.5 ng ml À1 recombinant murine IL-1a+conditioned media from Lenti.IL-1ra-transduced 293T cells. Cells were then pulsed with [ 3 H]-thymidine and proliferation was determined by thymidine uptake. The conditioned media from Lenti.IL-1ra-transduced 293T cells significantly inhibited the IL-1a-dependent proliferation of thymocytes (P ¼ 0.0086) and this inhibition was as effective as recombinant mIL-1ra, indicating the vector produces biologically active IL-1ra. Figure 6 ) and a significantly lower total inflammatory cell count (100.5±29.9 vs 337.6±56.3 cells per mm 2 , P ¼ 0.0004) in paired analysis compared with contralateral control eyes, indicating effective local immunosuppression. As with the previous experiments, the infiltrating cells were almost exclusively neutrophils with no detectable monocytes or macrophages. However, there was no additive effect of combined administration of Lenti.IL-1ra/Lenti.IL-10 when compared with the efficacy of either vector administered alone.
Intraocular administration of Lenti.IL-1ra or Lenti.IL-10 does not cause systemic immune suppression
The main purpose of administering local immunosuppressive therapy is to avoid systemic immunosuppression. To test that no systemic immunosuppression was induced following administration of Lenti.IL-1ra or Lenti.IL-10, 4 ml of either vector or Lenti.IL-1ra+ Lenti.IL-10 (2 ml of each) were injected into the anterior chamber. Control mice received anterior injection of Lenti.GFP. Mice were killed 14 days later and splenocytes were co-cultured for 48 h with either LPS, (0.5 or 0.05 mg ml À1 ) Concanavalin A (positive control) or media alone (negative control). A proliferation assay was then performed. The splenocytes from mice that had received anterior chamber injections of lentiviral vectors expressing IL-1ra or IL-10 showed no difference in their proliferative capacity compared with Lenti.GFP-injected mice or unprocedured controls (Figure 7) , demonstrating no attenuation of systemic immune responses.
Discussion
Murine endotoxin-induced uveitis is employed to assess the efficacy of immunotherapies as a surrogate for anterior and intermediate uveitis in man. We used this model to investigate the therapeutic effects of IL-1ra and IL-10 delivered using a lentiviral vector. We show not only that anterior chamber lentiviral delivery of mIL-1ra or mIL-10 significantly suppress EIU but also this Figure 4 Lenti.IL-1ra-treated eyes were protected from recurrent endotoxin-induced uveitis (EIU). Following administration of Lenti.IL-1ra in the anterior chamber of the right eye, EIU was induced at 14 days post-vector administration and then again at 21 days post-vector administration. At 12 h after the second induction of EIU, the mice were killed and eyes processed for histology (n ¼ 6 per group). Eyes were cryosectioned and stained with haematoxylin and eosin (H&E) and after masking of slides, infiltrating cells in the anterior and posterior chambers were counted by two independent observers. Lenti.IL-1ra-treated eyes showed a significantly lower inflammatory cell count in the anterior eye segment (56. EIU gene therapy using immunomodulatory genes P Trittibach et al inhibition of leukocyte infiltration into the posterior and anterior segments is also maintained in recurrent disease. Secreted IL-1ra is produced by a variety of cell types and competitively inhibits the binding of IL-1a/b to IL-1RI. IL-1ra bound to IL-1RI cannot induce downstream signalling, thereby inhibiting NF-kB-mediated inflammation. IL-1ra levels are raised in the circulation of patients with a variety of inflammatory conditions and it is likely that IL-1ra diffuses into tissues from the circulation, thereby influencing the local IL-1 to IL-1ra ratio. However, as around 100-fold greater levels of IL-1ra over IL-1 are required to prevent the biological effects of IL-1 on target cells, the local concentration of IL-1ra is critical for its effects. Studies in many inflammatory-mediated conditions have shown the efficacy of IL-1ra treatment. Exogenous administration of IL-1ra blocked colonic inflammation in immunecomplex colitis in rabbits and acetic-acid-induced colitis in rats. [28] [29] [30] Furthermore, in a rat model of granulomatous colitis, treatment with IL-1ra attenuated the acute and chronic enterocolitis. 31 Recombinant IL-1ra has also shown efficacy in EIU 32 and has been used clinically to treat uveitis. 33 Previous studies showed the ability of recombinant IL-10 to attenuate inflammatory conditions. 34, 35 IL-10 has also been shown to downregulate ocular inflammation or to contribute to a higher threshold of resistance to uveitis using both recombinant protein 22 or gene transfer 5, 36, 37 and IL-1ra has also demonstrated therapeutic efficacy in inflammatory conditions. 19, 38, 39 Although administration of recombinant cytokines can show therapeutic efficacy, many therapeutic regimens require daily administration due to the short half-life of the cytokine molecules and swift clearance from the circulation. Indeed, the serum half-life of recombinant IL-10 is between 2.3 and 3.7 h, 40 and therefore the cytokine may be cleared before reaching the target organ. Furthermore, extremely high doses may be necessary to reach a therapeutically active concentration of cytokine in the serum, and achieving such high systemic levels can be associated with deleterious side effects. Gene transfer techniques therefore offer several advantages over recombinant cytokine administration, including continuous production of therapeutic concentrations of cytokine and local expression of cytokine in target tissues. In vitro studies have shown that gene transfer of IL-1ra is more effective than recombinant IL-1ra at inhibiting the biological actions of IL-1b in human synovial fibroblast cultures. 41 This is also demonstrated with in vivo models; bacterial cell wall-induced arthritis in rats showed that locally expressed IL-1ra from ex vivo gene therapy was fourfold more therapeutically efficient than systemically administered recombinant IL-1ra protein. 38 An adenoviral vector containing IL-1ra was protective against LPS-induced arthritis in rats, 39 whereas Ad-IL-10 treatment significantly inhibited tissue damage in a rat experimental colitis. 42 The protective role of IL-1ra in inflammatory disease is further highlighted by the observation that neutralization of IL-1ra exacerbates disease in LPS-induced arthritis in rabbits. 43 Our data show that significantly fewer infiltrating leukocytes were present in the Lenti.IL-1ra-treated eyes compared with controls. Intercellular adhesion molecule-1 (ICAM-1) is expressed endogenously on endothelial cells but can be upregulated by many proinflammatory stimuli. It is very important for the adherence to blood vessels walls of leukocytes, particularly neutrophils, prior to their transmigration through the vessel into the surrounding tissues. 44 As discussed above, IL-1 activates the NK-kB signalling pathway, and the ICAM-1 promoter has multiple NK-kB-binding sites. Thus, IL-1 induces increased ICAM-1 expression, 45, 46 which has been shown to be necessary for the development of EIU. During EIU development, ICAM-1 is upregulated on vascular endothelial cells in the iris and ciliary body following LPS injection, 47 and EIU pathogenesis can be inhibited by antibodies against ICAM-1 or its receptor (the CD18 integrins). 48 Leukocyte adhesion can lead to leukocyte- 3 H]-thymidine for 18 h and harvested onto glass filter mats. Proliferation was determined by thymidine uptake. The splenocytes from mice that had received the cytokine vectors showed equivalent proliferation to the control group that received the green fluorescent protein (GFP) vector, demonstrating no reduction in induction of systemic immunity. EIU gene therapy using immunomodulatory genes P Trittibach et al mediated endothelial injury and apoptotic cell death. This reduction in vasculature integrity was correlated with an increase of the breakdown of the blood-ocular barrier. 49 We also observed reduced levels of total protein in the aqueous humour of eyes treated with Lenti.IL-1ra compared with controls, indicating better preservation of the blood-ocular barrier. Previous work in a murine ischemic brain injury model showed that IL-1ra administration decreased ICAM-1 expression 50 and therefore IL-1ra-mediated downregulation of ICAM-1 provides a potential functional mechanism for the reduced levels of leukocyte infiltration and improved preservation of the blood-ocular barrier we observe in Lenti.IL-1ra-treated eyes.
In contrast, the Lenti.IL-1ra-treated eyes with recurrent EIU showed no preservation of the BAB. An explanation may be a permanent alteration of the integrity of iris blood vessels after the second uveitis episode causing chronic breakdown of the BAB as we can see in patients with recurrent forms of anterior uveitis resulting in a chronic flare (protein exudation into the anterior eye chamber seen with the biomicroscope during clinical examination) that is unresponsive to treatment.
We and others have previously shown the efficacy of IL-10 gene transfer using an adeno-associated virus (AAV) vector in another model of murine uveitis, 5, 8 with one study using a tetracycline-inducible system. 8 Such systems have the advantage of the ability to regulate gene expression through the presence/absence of antibiotics, but we do not believe an inducible system is necessary in this experimental setting, and would not confer any advantage over sustained intraocular expression of IL-1ra and IL-10. A lentiviral vector was used in this study as the onset of transgene expression is faster (within 3-4 days) than the onset of expression with the most frequently used AAV serotypes (about 3 weeks for AAV2 51 ). Furthermore, we have previously shown efficient transduction of several structures within the anterior chamber with a lentiviral vector 23 and this vector transduces a broader range of cell types within the anterior chamber than AAV2. 52 Furthermore, HIV-1-based lentiviral vectors have been shown to have low immunogenicity and do not induce anti-vector responses in immune privileged tissue. 53 The demonstration here that IL-10 gene delivery is effective in preventing EIU and posterior segment disease in recurrent EIU shows that IL-10 gene delivery is effective against pathologies caused by both innate and adaptive immune responses. We did not observe a synergistic or additive effect when the combination of the two cytokines was administered together. Several explanations can be given: first, both cytokines reduce the NF-kB activation so synergism is not observed; second, there remains, despite IL-1 neutralization and in the presence of IL-10 a maintained immune drive from other proinflammatory cytokines that mediate EIU such as TNF-a. 48 Therefore inhibition of TNF-a in combination with IL-1ra and IL-10 administration may further improve outcome in EIU. Third, IL-10 in the anterior chamber when chronically expressed may modulate anterior chamber inflammation, without inducing remission of cellular infiltration as seen in persistent inflammation in subtypes of human anterior uveitis. 54 Many types of ocular inflammation including acute and chronic uveitis are treated with topical and/or systemic corticosteroids. However, the detrimental ocular side effects such as glaucoma and systemic side effects such as osteoporosis and hypertension associated with long-term use of these drugs are well documented. The development of alternative anti-inflammatory treatments may therefore allow the use of steroids to be reduced. This study shows that anterior chamber delivery of viral vectors expressing IL-1ra and IL-10 can effectively treat murine experimental uveitis without resulting in systemic immune suppression, suggesting that intraocular delivery of immunomodulatory genes might offer an opportunity to develop more effective treatments for uveitis.
Material and methods

Animals
Female 4-to 6-week-old C57BL/6 mice (Harlan, UK) were used and all experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. At the end of the experiments, mice were euthanased by an overdose of pentobarbital.
Viral vectors
Second generation HIV-1-based self-inactivating lentiviral vectors pseudotyped with the vesicular stomatitis virus glycoprotein envelope contained either the murine IL-1ra cDNA (Lenti.IL-1ra), the murine IL-10 cDNA (Lenti.IL-10) or the GFP reporter gene (Lenti.GFP). All vectors contain deletions in the 3 0 long-terminal repeats, making them self-inactivating and include the cPPT, which is necessary for second-strand DNA synthesis, and may enhance the nuclear transport of the provirus. All cDNAs are driven by the SFFV promoter and each vector contains the WPRE to stabilize mRNA and increase expression. Vectors were produced using transient triple transfection of 293T cells as described previously.
24 At 28-72 h post-transfection, supernatant was harvested and filtered through a 0.45 mm filter. The virus particles concentrated using a Resource Q anionic exchange column (Amersham, UK) and eluted with a NaCl gradient. The eluted fractions were spun in an ultra centrifuge at 90 000 g for 2 h and the pelleted virus was resuspended in OptiMEM and stored at À80 1C. Virus was titred using a p24 ELISA kit (Beckman Coulter, High Wycombe, UK) according to the manufacturer's instructions.
Production and biological function of transgenic mIL-1ra and mIL-10
Expression and function of the IL-1ra and IL-10 transgenes were tested by infecting 293T cells with Lenti.mIL-1ra, and Lenti.mIL-10.1 ml of virus with a titre of 6 Â 10 6 pg p24 per ml was added to 5 Â 10 4 293T cells. Supernatants were collected after 72 h and the concentration of mIL-1ra and mIL-10 was determined by ELISA (mIL-10 Duoset and mIL-1ra Quantikine, both R&D Systems, UK), as per manufacturer's instructions.
The biological function of IL-1ra was also determined by an in vitro assay. 55 Thymocytes were isolated and brought to single cell suspension by mechanical disruption from a 4-week-old mouse thymus. Thymocytes were then resuspended in complete medium and 5 Â 10 5 cells 
In vivo experiments
All experiments were repeated at least twice.
Induction of EIU
Uveitis was induced by intravitreal injection of 2 ml phosphate-buffered saline (PBS) containing 1 ng of LPS from Salmonella typhimurium (Sigma, Poole, UK). The mice were culled 12 h after the LPS challenge.
Recurrent EIU
To simulate recurrent relapsing uveitis, a common feature of chronic uveitis in humans, mice received a second intravitreal LPS injection (1 ng LPS) 7 days after the first LPS challenge. Preliminary experiments showed a peak inflammatory response after the first LPS injection at 9 to 12 h, which resolved by day 7. A second intravitreal LPS injection at day 7 induced a new inflammatory response with the same kinetics as the first injection. In the recurrent EIU experiments, inflammation was confirmed by 24 h after the first LPS injection. The mice were culled 12 h after the second injection. 10 Histological assessment of disease Enucleated eyes were fixed in 4% paraformaldehyde for 20 min at room temperature. Samples were embedded in Tissue-Tek (Sakura Finetek Europe, The Netherlands) optimal cutting temperature compound and cryosectioned into 8-10 mm vertical serial sections through the papillary-optic nerve axis and then stained with H&E. Sections were coded and the number of inflammatory cells in the anterior and posterior segment were counted by two independent observers. Four histological sections per eye were evaluated. The inflammatory cells were counted under Â 400 magnification ( Â 40 objective and Â 10 ocular) in five fields, each of the anterior and posterior chambers (each field corresponds to 0.2 mm 2 , verified with the grid of a Neubauer haemocytometer). The number of inflammatory cells was expressed as the mean cell number per mm 2 per eye segment.
Protein concentration in aqueous
Aqueous was collected by anterior chamber puncture with a 30-gauge needle and a 10 ml microcapillary pipette (Microcaps, Sigma) 12 h after LPS injection. Total protein concentration was determined with a Coomassie blue protein assay kit (Bradford Protein assay, Bio-Rad, UK) and the absorbance at 595 nm was measured with a microplate reader.
Intraocular injection of viral vectors into the anterior chamber
For all experiments mice were anaesthetized with an intraperitoneal injection of 0.15 ml of a mixture of Domitor (medetomidine hydrochloride 1 mg ml
À1
, Pfizer Pharmaceuticals, Kent, UK) and ketamine (100 mg ml À1 , Fort Dodge Animal Health, Southampton, UK) mixed with sterile water for injections in the ratio 5:3:42. The pupils of all animals were dilated using topical 1% tropicamide and 2.5% phenylephrine (Chauvin Pharmaceuticals, Essex, UK). Viral vector injections into the anterior eye chamber were performed through the peripheral cornea under the direct control of a surgical microscope with the tip of a 10 mm 34-gauge hypodermic needle mounted on a 5 ml syringe (Hamilton AG, Bonaduz, Switzerland). During the paracentesis a certain amount of aqueous humour outflow could be observed. Vector suspension (4 ml) (Lenti.IL-1ra, Lenti.IL-10 or Lenti.IL-1ra and Lenti.IL-10 combined) was then injected into the anterior eye chamber of the right eye and the needle was left in place for 20 s to reduce a possible backflow of the viral suspension. The contralateral left eyes were injected with 4 ml of Lenti.GFP or sterile PBS as internal controls. After vector administration patent retinal vasculature was observed in all animals. Anaesthesia was reversed using 0.15 ml of Antisedan (atipamezole hydrochloride 0.10 mg ml
, Pfizer Pharmaceuticals) and all animals received chloramphenicol 1% eye ointment to the cornea.
Fluorescein angiography
In vivo fundus fluorescein angiography was performed 12 h after EIU induction. Mice were anaesthetized and pupils dilated as described above. Fluorescein (0.2 ml of 2% fluorescein sodium in water) was administered by intraperitoneal injection 5 min after administration of the anaesthesia. A Kowa Genesis small animal fundus camera equipped with appropriate excitation and barrier filters was used to obtain fluorescein angiograms. Images were captured 5 min after fluorescein injection.
Assessment of systemic immunosuppression
Mice were received anterior chamber injections of 4 ml Lenti.IL-1ra, Lenti.IL-10, Lenti.IL-1ra+Lenti.IL-10 or Lenti.GFP as described above. At 14 days post-injection mice were euthanased and single cell suspensions of splenocytes were prepared. Cells were cultured for 48 h in 96-well round-bottomed plates (2.5 Â 10 5 cells per well) in the presence of 2.5 mg ml À1 Concanavalin A (Sigma), 0.5 mg LPS, 0.05 mg LPS or media alone. Cells were then pulsed with 0.5 mCi of [ 3 H]-thymidine and harvested onto glass fibre mats 18 h later. Cell proliferation was measured using a b-scintillation (PerkinElmer) counter.
Statistical analysis
All data are shown as mean±s.e.m.. To analyse the distribution of the data sets, the Shapiro-Wilk normality test and D'Agostino and Pearson omnibus normality test were used. Comparisons between normal distributed paired samples (Lenti.IL-1ra, Lenti.IL-10, Lenti.IL-1ra/ Lenti.IL-10 and controls in EIU and recurrent EIU) were EIU gene therapy using immunomodulatory genes P Trittibach et al performed using a two-tailed paired t-test. To test for a possible additive effect of the combined Lenti.IL-1ra/ Lenti.IL-10 group over the Lenti.IL-1ra or the Lenti.IL-10 groups, a parametric one-way analysis for variance with the Tukey's multiple comparison test was used. Po0.05 was considered to be statistically significant. All statistical evaluations were conducted using the GraphPad Prism version 4.03 software (GraphPad Software, San Diego, USA).
